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typical value of η = 2 in free-space and η = 4 in cellular
mobile systems [25].
The fast fading experienced by the downlink signals
transmitted over the D-channels, BR-channels and the RM-
channels is modelled by the generalized Nakagami-m fading.
In detail, let the (fast) fading gains of the D-channels
be expressed as
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the phases {θ
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li } are assumed to obey the independent
uniform distribution in [0,2π), while {α
(k)
li } obey the
Nakagami-m distribution with the probability density
function (PDF) given by [27]
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, i = 0,1,2;
l = 0,1,...,L; k = 1,2,...,K (15)
where mli represents the fading parameter of the D-channels,
BR-channels or the RM-channels depended on the values
of l and i, and Ωli = E
￿￿
α
(k)
li
￿2￿
. As shown in (15)
the parameters mli and Ωli are independent of the index k,
implying that all the downlink signals with respect the K MTs
are assumed to experience identical fading.
Note that, we use the generalized Nakagami-m distribu-
tion as shown in (15) since, in the considered relay-assisted
DS-CDMA downlink systems, the D-channels, BR-channels
and the RM-channels may experience different fast fading.
Speciﬁcally, the distance between a relay and its assisted MT
may be signiﬁcantly shorter than the distance between the
BS and the relay or shorter than that between the BS and
the MT. In this case, the corresponding RM-channel may
experience less severe fading than the D-channels or the BR-
channels. Correspondingly, we may model the RM-channels
by the Nakagami-m fading associated with a relatively high
m value, while model the D-channels or BR-channels by the
Nakagami-m fading associated with a relatively low m value.
For example, we can assume that the RM-channels experience
the Nakagami-m fading associated with a value of m > 1,
and the D-channels as well as the BR-channels experience
the Rayleigh fading, which corresponds to the Nakagami-m
fading with m = 1.
III. SIGNAL PROCESSING AND FORWARDING AT RELAYS
The relays receive and process signals transmitted by the
BS within the ﬁrst time-slot of a symbol-duration. Within the
second time-slot of a symbol-duration, the processed signals
are forwarded by the relays to their served MTs. In this section
we consider the operations carried out at the relays.
When the downlink DS-CDMA signals in the form of
(5) are transmitted over ﬂat fading channels, the complex
baseband equivalent signal received by the lth relay of the
kth MT within the ﬁrst time-slot of the nth symbol-duration
can be written as
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where P
(k)
k′l represents the power received by the lth relay
of MT k from the k′th user signal transmitted by the BS
after taking into account the pathloss of the BR-channel, h
(k)
l
represents the fading gain of the BR-channel from the BS to
the lth relay of MT k, while n
(k)
l (t) denotes the Gaussian noise
observed at the lth relay of MT k, which has mean zero and
a single-sided power spectral density of N0 per dimension.
Let us express the observation and noise samples obtained
at the lth relay of MT k as
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zero and a covariance matrix N0/E
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Let assume that the lth relay of MT k employs the knowl-
edge of c c ck of the spreading sequence assigned to the kth
MT. We also assume that the lth relay of MT k employs the
knowledge of h
(k)
l of the channel gain from the BS to this
relay. Note that, the channel gain h
(k)
l may be estimated in
the same way as estimating the channel from the BS to MT
k, for example, with the aid of the pilot information sent by
the BS to the kth MT. Then, the lth relay of MT k can estimate
bk[n] by forming the soft-decision variable of
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After the estimation, ˆ b
(k)
l [n] of (19) is then re-spread and
forwarded by the lth relay to MT k using the second time-slot
of the nth symbol-duration. The transmitted signal of the lth
relay of MT k can be expressed as
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where l = 1,2,    ,L, P
(k)
lt , c
(k)
l (t), fc and φ
(k)
l represent re-
spectively the transmission power, signature waveform, carrier
frequency and initial phase associated with the lth relay of MT
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Fig. 3. BER versus SNR per bit performance of the relay-assisted DS-CDMA
downlink using TZF-based transmitter preprocessing at BS and MSINR-
MUC at MTs, when the D-channels and BR-channels experience Rayleigh
fading, while the RM-channels experience Nakagami-m fading associated
with ml2 = 2 for L = 1,2,3,4. The other parameters used in our simulations
were N = 15, K = 11, α = 0.8,δ = 0.4 and η = 3.
assisted DS-CDMA downlink using the TZF- or TMMSE-
based transmitter preprocessing. Figs. 2 and 3 depict the BER
versus the average SNR per bit performance for the relay-
assisted DS-CDMA downlink using the TZF-based transmitter
preprocessing. The detection scheme employed by the desti-
nation MTs is the MRC-SUC for Fig. 2 and the MSINR-MUC
for Fig. 3. The other parameters used in our simulations can
be found in the captions of Figs. 2 and 3. From the results
of Figs. 2 and 3, we may obtain the following observations.
Firstly, the BER performance improves signiﬁcantly, when
the number of relays per MT increases. Therefore, the relay-
assisted DS-CDMA downlink is capable of achieving the relay
diversity as promised. Secondly, for both random sequences
and m-sequences, when L = 1, the BER performance of using
MRC-SUC is the same as that of using MSINR-MUC. This
is because, in this case, the MUI within the ﬁrst time-slot
is fully removed by the TZF-based transmitter preprocessing,
while there is no interference within the second time-slot.
Finally, when comparing Fig. 2 and Fig. 3, we can ﬁnd that,
when m-sequences are employed, the BER performance of the
DS-CDMA downlink using both the MRC-SUC and MSINR-
MUC is similar, when L ≥ 2 relays per MT is employed.
By contrast, when random sequences are utilized and when
L ≥ 2, the BER performance of the relay-assisted DS-CDMA
downlink using MSINR-MUC is better than that of the relay-
aided DS-CDMA downlink using MRC-SUC.
In Figs. 4 and 5, we investigate the effect of the noise-
suppression factor, ρ (where we assumed ρ ρ ρ = ρI I IK), on the
achievable BER performance of the relay-assisted DS-CDMA
downlink using TMMSE-based transmitter preprocessing at
BS and MRC-SUC at MTs, when the D-channels and BR-
channels experience Rayleigh fading, while the RM-channels
experience Nakagami-m fading associated with ml2 = 2 for
L = 1,2,3. The other parameters used in our simulations were
N = 15, K = 11, α = 0.8,δ = 0.4, η = 3 and SNR=4 dB for
Fig. 4, and were N = 15, K = 11, α = 0.8,δ = 0.4, η = 3
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Fig. 4. BER versus the noise-suppression factor, ρ, performance of the relay-
assisted DS-CDMA downlink using TMMSE-based transmitter preprocessing
at BS and MRC-SUC at MTs, when the D-channels and BR-channels
experience Rayleigh fading, while the RM-channels experience Nakagami-
m fading associated with ml2 = 2 for L = 1,2,3. The other parameters
used in our simulations were N = 15, K = 11, α = 0.8,δ = 0.4, η = 3
and SNR=4 dB.
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Fig. 5. BER versus the noise-suppression factor, ρ, performance of the relay-
assisted DS-CDMA downlink using TMMSE-based transmitter preprocessing
at BS and MRC-SUC at MTs, when the D-channels and BR-channels
experience Rayleigh fading, while the RM-channels experience Nakagami-
m fading associated with ml2 = 2 for L = 1,2,3. The other parameters
used in our simulations were N = 15, K = 11, α = 0.8,δ = 0.4, η = 3
and SNR=8 dB.
and SNR=8 dB for Fig. 5. Note that, as shown in Section II,
the TMMSE is reduced to the TZF when ρ = 0. From the
results of Figs. 4 and 5, we can observe that, for a given SNR,
there exists an optimum ρ value, which results in the lowest
BER. However, the BER performance of the relay-assisted
DS-CDMA downlink using TMMSE is not highly sensitive to
the noise-suppression factor, especially, when m-sequences are
used for spreading. As shown in Figs. 4 and 5, the BER is only
loosely dependent on the ρ value, when random sequences are
employed. Furthermore, from the results of Figs. 4 and 5, we
can observe that, for both m-sequences and random sequences,
the BER becomes lower, when a MT is aided by more relays.
Hence, the diversity gain can be guaranteed for the relay-
assisted DS-CDMA downlink, if each destination MT can be
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aided by some relays.
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Fig. 6. BER versus SNR per bit performance of the relay-assisted DS-
CDMA downlink using m-sequences, TZF- or TMMSE-based transmitter
preprocessing at BS and MRC-SUC at MTs, when the D-channels and
BR-channels experience Rayleigh fading, while the RM-channels experience
Nakagami-m fading associated with ml2 = 2 for L = 1,2,3,4. The other
parameters used in our simulations were ρ = 1.0 for TMMSE, N = 15,
K = 11, α = 0.8,δ = 0.4 and η = 3.
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Fig. 7. BER versus SNR per bit performance of the relay-assisted DS-CDMA
downlink using random sequences, TZF- and TMMSE-based transmitter
preprocessing at BS and MRC-SUC at MTs, when the D-channels and
BR-channels experience Rayleigh fading, while the RM-channels experience
Nakagami-m fading associated with ml2 = 2 for L = 1,2,3,4. The other
parameters used in our simulations were ρ = 1.0 for TMMSE, N = 15,
K = 11, α = 0.8,δ = 0.4 and η = 3.
Figs. 6 and 7 show the BER versus the average SNR per bit
performance of the relay-assisted DS-CDMA downlink using
TZF- or TMMSE-based transmitter preprocessing and MRC-
SUC detection. In our simulations for Fig. 6 m-sequences were
assumed, while for Fig. 7, random sequences were employed.
From the results of Figs. 6 and 7, it can be seen that the
BER performance of the relay-assisted DS-CDMA downlink
using both the TZF and TMMSE is nearly the same, when
the m-sequences are employed for spreading. By contrast,
when random spreading sequences are employed, the TMMSE
outperforms the TZF. The reason for the above results may be
stated as follows. We know that random sequences generate
higher MUI than m-sequences. It is well-known that the TZF
is capable of fully removing the downlink MUI, but at the
cost of noise ampliﬁcation. By contrast, the TMMSE is capa-
ble of suppressing efﬁciently both the MUI and background
noise. Consequently, when random spreading sequences are
employed, the TZF removes the MUI with severe noise
ampliﬁcation, resulting in BER performance degradation, in
comparison with the TMMSE, which can suppress both the
MUI and background noise.
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Fig. 8. BER versus SNR per bit performance of the relay-assisted DS-
CDMA downlink using m-sequences, TZF- and TMMSE-based transmitter
preprocessing at BS and MSINR-MUC at MTs, when the D-channels and
BR-channels experience Rayleigh fading, while the RM-channels experience
Nakagami-m fading associated with ml2 = 2 for L = 1,2,3,4. The other
parameters used in our simulations were ρ = 1.0 for TMMSE, N = 15,
K = 11, α = 0.8,δ = 0.4 and η = 3.
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Fig. 9. BER versus SNR per bit performance of the relay-assisted DS-CDMA
downlink using random sequences, TZF- and TMMSE-based transmitter
preprocessing at BS and MSINR-MUC at MTs, when the D-channels and
BR-channels experience Rayleigh fading, while the RM-channels experience
Nakagami-m fading associated with ml2 = 2 for L = 1,2,3,4. The other
parameters used in our simulations were ρ = 1.0 for TMMSE, N = 15,
K = 11, α = 0.8,δ = 0.4 and η = 3.
Finally, in Figs. 8 and 9 we evaluate the BER versus the
average SNR per bit performance of the relay-assisted DS-
CDMA downlink using TZF- or TMMSE-based transmitter
preprocessing and MSINR-MUC detection. The other param-
eters for simulations of Figs. 8 and 9 are the same as those
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